One assumption made in bacterial production estimates from [3H]thymidine incorporation is that all heterotrophic bacteria can incorporate exogenous thymidine into DNA. Heterotrophic marine bacterium isolates from Tampa Bay, Fla., Chesapeake Bay, Md., and a coral surface microlayer were examined for thymidine uptake (transport), thymidine incorporation, the presence of thymidine kinase genes, and thymidine kinase enzyme activity. Of the 41 isolates tested, 37 were capable of thymidine incorporation into DNA. The four organisms that could not incorporate thymidine also transported thymidine poorly and lacked thymidine kinase activity. Attempts to detect thymidine kinase genes in the marine isolates by molecular probing with gene probes made from Escherichia coli and herpes simplex virus thymidine kinase genes proved unsuccessful. To determine if the inability to incorporate thymidine was due to the lack of thymidine kinase, one organism, Vibrio sp. strain D19, was transformed with a plasmid (pGQ3) that contained an E. coli thymidine kinase gene. Although enzyme assays indicated high levels of thymidine kinase activity in transformants, these cells still failed to incorporate exogenous thymidine into DNA or to transport thymidine into the cells. These results indicate that the inability of certain marine bacteria to incorporate thymidine may not be solely due to the lack of thymidine kinase activity but may also be due to the absence of thymidine transport systems.
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[3H]thymidine incorporation is the most widely used means by which bacterial activity and productivity are estimated in water column (13, 16, 24) and sediment samples (4, 12, 39) . Previous studies have examined the effects on thymidine incorporation of isotope dilution (2, 18, 26, 35) and nonspecific labeling of macromolecules other than DNA (4, 16, 18, 37) , as well as the relationship between [3H]-thymidine incorporation and DNA synthesis (19) . One of the essential assumptions for the validity of the [3H]thymidine incorporation method used to estimate bacterial heterotrophic production is that all of the bacteria in the sample are capable of incorporating thymidine into DNA. Recent studies (9, 11, 19, 34) , however, have indicated that thymidine incorporation in certain marine environments may not be as universal as was once assumed.
The ability of bacteria in natural environments to incorporate [3H]thymidine has been investigated by two methods. Microautoradiography has been used to determine the percentage of bacteria actively taking up [3H] thymidine at a given time in vivo (11, 34) . The alternative approach has been to examine environmental isolates for the ability to incorporate [3H]thymidine into non-trichloroacetic acid-soluble material (9, 20) . While these two types of studies may appear to address the same question, they, in fact, look at two distinct phenomena. Microautoradiography determines the percentage of bacteria which are taking up thymidine at a given time. The results are strongly influenced by the physiologic state of the bacteria within the sample, which in turn is governed by the current environmental conditions. Many of the organisms which do not label during microautoradiography may be capable of thymidine incorporation but do not label simply because they are not synthesizing DNA Thymidine incorporation relies on two separate processes, the uptake or transport of thymidine followed by the phosphorylation of thymidine into dTMP. Thymidine kinase is the enzyme responsible for this initial phosphorylation and is therefore believed to be essential for thymidine incorporation. In Escherichia coli and Salmonella typhimurium, thymidine transport and phosphorylation are both catalyzed by thymidine kinase (30) . There is little information concerning thymidine transport in marine bacteria, although preliminary information indicates that transport and phosphorylation may be two separate processes (9) .
While thymidine kinase is presumed to be widespread in bacteria, studies examining the presence of the enzyme in marine bacteria have been limited. Pollard and Moriarty (35) examined four Alcaligenes spp., five Alteromonas spp., and five Pseudomonas spp. for thymidine incorporation ability. Davis (9) has examined isolates from upwelling and downwelling environments, while Johnstone and Jones (20) examined five chemolithotrophic bacterial isolates. To further these investigations, we examined 41 randomly selected marine isolates from Tampa Bay, Fla., Chesapeake Bay, Md., and a coral surface microlayer for the ability to transport and incorporate thymidine. The presence of thymidine kinase in these isolates was investigated by molecular probing for the thymidine kinase gene and by an enzyme assay for thymidine kinase activity. Our results demonstrate that the majority of culturable marine bacterium isolates from these environments were capable of thymidine transport and incorporation. Thymidine transport and thymidine kinase activity were two separate processes, and both were shown to be required for thymidine incorporation to occur. Finally, molecular probing indicates that there was little DNA sequence homology between the thymidine kinase genes of E. coli, herpes simplex virus (HSV), and the marine isolates.
MATERIALS AND METHODS
Bacterial strains and plasmids. Bacterial cultures were isolated from surface waters of Bayboro Harbor, St. Petersburg, Fla. (17), and from the coral surface microlayer of the Dry Tortugas (32) and were maintained on nutrient-free artificial seawater plus peptone yeast (ASWJP+PY) plates (31) . In addition to the bacteria isolated specifically for this study, nine biofouling organisms isolated from the Chesapeake Bay (33) (31, 36) . [3H]thymidine was added to the remaining cell solution at a final concentration of 100 nM. Samples were taken immediately and again after 30 min of incubation. Uptake (total cell-associated radioactivity) was determined by adding 1-ml subsamples to tubes containing 1 ml of 5 mM unlabeled thymidine in nutrient-free artificial seawater (ASWJP). Subsamples were filtered within 5 min onto 0.2-,um-pore-diameter Nuclepore filters and were washed with 5 ml of the 5 mM unlabeled thymidine solution.
Incorporation into macromolecules was determined by adding replicate 1-ml subsamples to tubes containing 1 ml of ice-cold 10% TCA. After 30 min on ice, the samples were filtered onto 0.2-,um-pore-size Nuclepore filters and the filters were washed with 5 ml of cold 5% TCA. Formalinkilled controls were used to determine abiotic adsorption of radioactivity to cells and filters. Radioactivity in all samples was measured by liquid scintillation counting, and cellular rates of uptake and incorporation were calculated after correcting for Formalin controls.
Thymidine kinase enzyme assays. Nine isolates were examined for thymidine kinase activity in cell extracts by the protocol outlined by Beck et al. (1) and Chen and Prussoff (5). Batch cultures (250 ml) were grown overnight and harvested by centrifugation at 10,000 x g for 10 min. E. coli C600 and Pseudomonas stutzeri JM300 were washed in 0.9% NaCl and the marine isolates were washed in ASWJP. The cells were collected by centrifugation at 10,000 x g for 10 min and suspended in 5 ml of assay buffer (0. Thymidine uptake and incorporation and thymidine kinase enzyme activity. All of the organisms tested which were capable of thymidine incorporation demonstrated thymidine uptake as well as significant thymidine kinase activity in cell extracts (Table 2) . Those organisms which could not incorporate thymidine often demonstrated small amounts of cellassociated radioactivity after 30 min in transport experiments. Although this cell-associated radioactivity (i.e., uptake rate) was significantly greater than that associated with Formalin-killed controls (P < 0.05 by analysis of covariance), it was usually 2 orders of magnitude less than that associated with those organisms capable of thymidine incorporation. Organisms incapable of thymidine incorporation also lacked thymidine kinase activity in cell extracts ( strongly hybridized to the probe (Fig. 1) The organisms which were used in this study were isolated from diverse environments, and 90% were capable of thymidine incorporation. All of these organisms must be classified as part of the minority of environmental bacteria which were culturable (7, 8) . The data presented herein do not allow speculation on the proportion of viable but nonculturable bacteria which might be capable of thymidine incorporation. Johnstone and Jones (20) recently reported the absence of thymidine incorporation by chemolithotropic bacteria. Davis (9) (11, 34) and our results obtained with cultures may be due to the differences in experimental design. Our strain D19 transformants examined demonstrated no incorporation of thymidine even after growth in the presence of 100 nM thymidine for 4 h (data not shown). Enzyme assays indicated that the E. coli tdk was functional and was expressed in transformants but that thymidine incorporation was prohibited by the absence of a functioning thymidine transport system in this organism. This gives further evidence for separate thymidine transport and thymidine kinase systems in marine bacteria (9) . This contrasts with E. coli and S. typhimurium where both transport and thymidine phosphorylation are controlled by thymidine kinase (30) .
The organisms that are incapable of thymidine incorporation often demonstrated limited thymidine transport or uptake. Presumably, the uptake of [3H]thymidine was an active process since washing with unlabeled thymidine did not remove it and since Formalin-killed controls did not show this characteristic. The amount of thymidine taken up by these cells, however, was usually 2 orders of magnitude less than that taken up by cells capable of thymidine incorporation. It is unknown whether the thymidine taken up (14) . Significant sequence homology has been reported between Shope fibroma virus, variola, vaccinia, and monkeypox viruses, as well as human, mouse, hamster, and chicken thymidine kinases. However, there was no obvious homology between these genes and the HSV thymidine kinase gene (40) . One explanation for these results is that HSV tdk is substantially larger than genes from vaccinia and the eucaryotes. The HSV tdk also serves as a deoxynucleoside kinase with broad substrate specificity, whereas genes from the other organisms examined are exclusively thymidine kinases (21) . While no information is known about the substrate specificity of the thymidine kinase enzymes of the marine bacteria examined in this study, these organisms did not hybridize to probes constructed from either the broad-specificity HSV tdk or the narrow-specificity E. coli tdk (29) , indicating that the lack of homology may be related to some other characteristic of the enzymes.
The apparent lack of homology between E. coli thymidine kinase and those of the environmental bacteria should provide a cautionary note to other researchers. The use of molecular techniques to examine environmental research questions has become a common approach in microbial ecology (28) . Caution must be exercised until the degree of sequence homology between target and probe DNA is known.
